In this paper, two active fault-tolerant control (AFTC) structures are proposed for multiplicative and additive actuator faults respectively. Considering that the traditional generalized internal model control (GIMC) changes the dynamic input-output relationship of the original system, more exact fault information is employed to design the robustification controller of GIMC with the help of fault diagnosis observers. Further, a feedforward compensation unit and a feedback compensation unit are respectively designed for multiplicative and additive faults, striving to approximately recover the system performance to the normal one. Finally, an air handling unit (AHU) system is provided to verify the effectiveness and superiority of the proposed structures.
I. INTRODUCTION
Due to the increasing complexity, modern control systems are more and more vulnerable to faults and malfunctions. The requirement of system reliability seems quite urgent accordingly. However, it is challenging and expensive to improve the reliability of individual components to maintain system dependability at required levels [1] . Consequently, it is of great importance to guarantee the stability and operational performance of systems in the event of faults. Fault tolerant control (FTC) technique provides an effective way to deal with faults, and thus attracts much attention from both industry and academia. FTC can be classified into two categories: passive FTC (PFTC) and active FTC (AFTC). In PFTC, a fixed controller is generally designed to tolerate all possible faults. In AFTC, the controller is reconfigured or adjusted based on fault information obtained from some fault diagnosis unit. Therefore, AFTC generally provides a better fault tolerant capacity than the passive counterpart [2] . Over the past 30 years, a variety of approaches to AFTC such as projection, controller redesign and fault hiding have been The associate editor coordinating the review of this manuscript and approving it for publication was Wenbing Zhao .
developed for different complex systems [3] - [8] . For more details on AFTC, please see [1] , [2] and references therein.
Recently, a new controller structure called as generalized internal mode control (GIMC), which can be used for AFTC, was proposed based on the well-known Youla controller parameterization [9] - [11] . Different from the traditional controller architecture, the GIMC architecture naturally includes fault detection ability. Furthermore, the GIMC works in such a way that the system is controlled by a performance controller when there is no disturbance and fault and a robustification controller is active when the controlled system is corrupted by disturbances and faults. Therefore, the GIMC structure can make a good tradeoff between system performance and robustness. Motivated by this prominent work, several efforts were further made to develop and improve the GIMC structure, which focus on how to design the robustification controller for the faulty system. For example, in [12] , an input fault decoupling approach was used for the design of robustification controller by modelling sensor faults as output model uncertainties. Further, in [13] , by assuming the external disturbance known or partially known, the robustification controller made use of the disturbance information to improve the closed-loop performance of the faulty system. The effectiveness of the two methods was verified by gyroscope and DC motor experiments. In [14] , a fault isolation filter was firstly designed to locate sensor and actuator faults and then the linear fractional transform technique was employed to design several parallel robustification controllers to accommodate different faults. The effectiveness of the method was further validated by an automotive air conditioning system in [15] .
However, it is important to point out that although the GIMC structure can retain the internal stability of the system, the dynamic input-output relationship of the overall system has been changed since the input signal enters into the system from a different location [9] , which no doubt influences the system performance. This important issue was not taken into account in above works [12] - [15] , which may be due to the absence of exact fault information. In [16] - [18] , although the estimated fault information was used to design the robustification controller with the help of a diagnosis observer, only the internal stability was guaranteed without considering the dynamic input-output relationship of the faulty system. Due to the structure adjustment of GIMC, it is challenging to recover the performance of the faulty system to the normal one, which motivates this work.
In this paper, two AFTC structures are respectively proposed for multiplicative and additive actuator faults by combing GIMC and fault compensation techniques, which can not only guarantee the stability of system but also recover the system performance. More specifically, the paper provides the following contributions: 1) In the multiplicative case, a feedforward compensation unit is introduced in the GIMC structure and the exact fault information is employed to design the robustification controller and feedforward compensation unit to compensate the effects of the multiplicative fault. 2) In the additive case, a feedback compensation unit rather than the feedforward one is used to compensate the effects of the additive faults.
Also, an experimental air handling unit (AHU) system is adopted to verify the effectiveness of the proposed AFTC schemes and its superiority over the traditional ones.
The paper is organized as follows. In Section II, some preliminaries knowledge about GIMC and the problem formulation are given. Two active fault tolerant control structures are developed for multiplicative and additive actuator faults in Section III and Section IV respectively. The AHU example is given in Section V to verify the effectiveness of the proposed methods, followed by some concluding remarks in Section VI.
II. PRELIMINARIES AND PROBLEM DESCRIPTION
In this section, the GIMC is briefly reviewed and then the design objective is presented.
A standard feedback control structure based on Youla parameterization is shown in Fig. 1 , where P is a linear time invariant (LTI) plant satisfying the left coprime decomposition P =M −1Ñ , K is a stabilization controller of the following Youla parameterization form:
(Ṽ ,Ũ ) is a left coprime pair of some stabilization controller K 0 , i.e., K 0 =Ṽ −1Ũ , K 0 is called as a performance controller since it can not only internally stabilize P, but also guarantee some pre-specified system performance. Q can be chosen as any stable system such that det(Ṽ −1 − Q(∞)Ñ (∞)) = 0. In [2] , GIMC is proposed to implement the Youla parameterization controller (1) in another form, as shown in Fig.2 . It can be noted that when the reference input y ref (s) = 0, the internal stability of the system is not changed since the transfer function from y to u is not changed. In other words, GIMC can also stabilize the feedback system. In addition, the advantage of the GIMC structure lies in that the nominal system is solely controlled by the performance controller K 0 =Ṽ −1Ũ and the robustification controller Q is activated to improve the robustness of system when there are model uncertainties or external disturbances or faults. However, it should be pointed out that the GIMC is not equivalent to the standard feedback control. It can be seen from Fig. 2 that the reference input signal enters into the system from different positions, which obviously changes the transfer function from the reference input to the system output. Especially when the reference input is not zero and the robustification controller Q is activated, the system performances such as tracking performance, will degrade significantly due to the structure change of the GIMC.
A. PROBLEM FORMULATION
To solve the above-mentioned problem, this paper will focus on how to guarantee the faulty system performance and recover it to the nominal one as far as possible when the VOLUME 7, 2019 robustification controller is activated by faults and disturbances. More specifically, the objective is to design the robustification controller Q and improve the GIMC structure for the system with multiplicative and additive actuator faults to make the transfer function of the faulty system equivalent to (or approximately equivalent to) that of the nominal system.
III. MULTIPLICATIVE ACTUATOR FTC A. MULTIPLICATIVE FAULT ESTIMATION
Consider the following linear system with actuator fault and external disturbance
where x ∈ R n denotes the state vector, y ∈ R m denotes the output vector, u ∈ R p denotes the control input vector, d ∈ R r denotes the external disturbance which satisfies
In order to approximately restore the faulty system to nominal performance, more exact fault information is required. To this end, the following fault diagnosis observer is constructed:
wherex ∈ R n is the observer state vector andŴ is the estimation of W .
Denote the state estimation error as e(t) =x(t) − x(t) and the output estimation error as r(t) = Cx(t) − y(t), then the following error system is obtained aṡ
Based on (4), an adaptive multiplicative fault estimation scheme is given in the following lemma.
Lemma 1 ( [19] , [22] ): Assume that the gain matrix L of the adaptive observer (3) can be selected such that the following conditions are satisfied:
where P and Q 1 are two positive definite matrices, then the following diagnostic algorithm:
guarantees that within a finite time period, variables (r(t),Ŵ (t)) converge to the setD R exponentially at a rate greater than e − δ 0 2 t , ensure lim t→∞Ŵ (t) = W (t), where η = η T is the learning rate for (6), is a coefficient matrix,
and
with λ min , λ max the minimum and the maximum eigenvalue of an matrix respectively. Remark 1: The gain of the multiplicative actuator fault depends on the cause of fault. It could be arbitrary. For example, typical multiplicative faults in an electromagnetic proportional acting flow valve may result from different physical changes such as change of flux in coils, air gap in electromagnet, friction at shaft of magnet [20] , which may lead to the gain out of the range [0, 1). However, in this paper, the type of multiplicative actuator fault is considered as the loss of the effectiveness. The gain of this type of the fault is generally defined in the range [0, 1) [21] . Further, the actuator fault cannot take the value 1 at the same time because no actuator works when all actuator faults take the value 1, which means the system is out of control and is very likely to lead to the collapse of the whole system.
In addition, it is worth to mention that Lemma 1 is only applicable for constant fault. Thus the multiplicative fault is assumed to be the piecewise constant percentage, that iṡ W (t) = 0.
Remark 2: The strictly positive real condition (5) is needed for adaptive observer design. When there are bounded external disturbances, the adaptive fault estimation will tend to be unstable due to the influence of ''parameter drift'' [19] . A term Ŵ (t) is added to ensure that the estimation error can be reduced gradually, which improves the robustness of the adaptive fault estimation algorithm. We can choose a smallest possible = αI with α > 0 and I the unit matrix to ensure a good accuracy of convergence.
B. AFTC BASED ON GIMC AND FEEDFORWARD COMPENSATION
In order to recover the transfer function of the faulty system to the one of nominal system, some compensation units are required in the GIMC structure. Also, the fault information obtained in the previous subsection should be used for the improvement of GIMC. Given these considerations, by combing GIMC and feedforward compensation, the following active multiplicative fault tolerant control structure is developed, as shown in Fig. 3 , where M pc is the feedforward compensation unit to be designed, and ADF is the adaptive fault estimation unit consisting of (3) and (6), which provides fault estimation values for the robustification controller Q. The following theorem provides the design scheme of robustification controller Q and feedforward compensation unit M pc . Theorem 1: Given the multiplicative faulty system (2), then the following robustification controller Q and feedforward compensation unit M pc
can approximately recover to the dynamic performance of the nominal input-output relationship while guaranteeing the stability of the faulty system. Proof: Consider the internal stability firstly. Let y ref = 0, d = 0. The faulty system can be rewritten as
Obviously, the controller K f = (I −Ŵ ) −1Ṽ −1Ũ stabilizes P f . Then, we are in the position to prove that the controller in Fig.3 can be written as
Substituting (11) into (14) yields
Next, we prove the equivalence of the dynamic relation. When the reference input y ref = 0, the feedforward compensation unit M pc is activated, and the control signal can be described as:
Substituting (16) into (17),
The closed-loop transfer function of the faulty system from y ref to y can be written as follows:
Considering that accurate fault estimation can be achieved by adaptive diagnostic observer, we have I −Ŵ ≈ I − W and then the above formula can be approximately written as
Notice that (20) is the closed-loop transfer function of the nominal system, and the performance of the faulty system is recovered to the nominal performance approximately.
IV. ADDITIVE ACTUATOR FTC A. ADDITIVE FAULT ESTIMATION

Consider the following system corrupted by additive faults
where F ∈ R n×l stands for the distribution matrix of additive actuator faults, namely, F = B, and f (t) is a constant additive fault. The remaining variables are the same as those of multiplicative faulty system (2) . In order to estimate the fault, the following fault diagnosis observer is constructed:
wherex(t) ∈ R n is the observer state,ŷ(t) ∈ R m is the observer output,f (t) ∈ R l is an estimate of actuator fault f (t), and L ∈ R n×m is the gain matrix to be designed.
Let
then the error dynamics is given by
Lemma 2 ([22] ): Given a prescribed H ∞ performance level γ . If there exists a symmetric positive matrix P ∈ R n×n and matrices Y ∈ R n×m and N ∈ R l×m such that 25) and the following condition hold:
where Y = PL, then the adaptive fault estimation algorithm:
guarantees the error dynamics (23) satisfying the H ∞ performance e y (t) 2 < γ d(t) 2 , where M ∈ R l×l is the learning rate. Remark 3: Multiplicative fault estimation is achieved by adjusting the variableŴ to make the output estimation error stable. AsŴ is coupled with the control input u, a persistent control input signal is required in the multiplicative fault estimation. While in the additive fault estimation case, the variablef is decoupled from the control input u, then the persistent control input signal is no longer required. We consider the multiplicative fault and additive fault as the step fault and the fault approaches a constant in a short time. The above lemmas are only applicable to constant fault.
B. AFTC BASED ON GIMC AND FEEDBACK COMPENSATION
To tolerate additive faults, the performance compensation unit needs to be added to the feedback loop of the GIMC structure. An active fault tolerant framework based on GIMC and feedback compensation is proposed as shown in Fig. 4 , where ADF is the adaptive fault estimation unit consisting of (22) and (27) , which provides fault information for the feedback compensation unit A pc . The following theorem gives the design scheme of the robustification controller and the feedback compensation unit.
Theorem 2: Given the faulty system (21) with additive faults, then the following robustification controller Q and the feedback compensation unit A pc
can approximately recover the dynamic performance to the nominal input-output relationship while guaranteeing the stability of the faulty system. Proof: As can be seen from Fig. 4 , the input signal u(s) is constructed as
Substituting (28) 
Considering that accurate fault estimation can be achieved by adaptive diagnostic observer, we havef ≈ f and then the above formula can be approximately written as
Notice that (33) is the dynamic input-output relationship of the nominal system, and the performance of the faulty system approximately is recovered to the nominal performance.
Remark 4: In the above proofs, the external disturbances d(t) and fault estimation error are ignored (namely, it is assumed that d = 0 and f =f , W =Ŵ ). It means the approximate performance recovery. Some existing robust techniques can be used to deal with the external disturbances and fault estimation errors. For example, the linear fraction transformation technique used in [14] can be borrowed to designṼ −1 in the robustification controller and performance controller for disturbance attenuation. Also, as in [13] , some known disturbance information can be introduced into the feedback loop to suppress the effect of disturbance.
Remark 5: In the traditional GIMC, only the robustification controller Q can be designed to suppress the fault, which is far from the performance recovery. Therefore, more exact fault information and some compensation measures are required. Multiplicative faults can cause changes in the model parameters, which further change the transfer function from the reference input to system output in the framework of GIMC. As a remedy, a feedforward unit should be employed to compensate the effect of the multiplicative faults. On the other hand, additive faults affect the system dynamics in an open-loop manner, which doesn't change the transfer function from the reference input to system output. In this way, we only need a feedback compensation unit in the loop of GIMC to compensate the effect of the additive faults.
V. A SIMULATION EXAMPLE
Residential and commercial buildings are responsible for over one third of global energy usage, and nearly half of this consumption refers to heating, ventilation and air conditioning (HVAC) systems [23] . During its operation, it is inevitable that some faults and malfunctions occur in one or more HVAC components, which are regarded as a key reason for increases in the energy consumption [24] , [25] . According to US Department of Energy, 10∼40% of energy consumption can be saved by the use of fault diagnosis and fault tolerant control techniques [26] . In the section, the dynamical model of a experimental AHU system shown in Fig.5 . is firstly established, and then used to verify the effectiveness of the above AFTC schemes. 
A. MODELING OF AHU SYSTEM
To illustrate the experimental system, a sketch of the AHU consisting of damper, heating/cooling coil, filter and fan is given in Fig. 6 . The controller of the experimental AHU system is the current-mode PLC Siemens S7-200 with DA conversion module EM235. The air supply actuator is a mall-scale axial flow fan 125FZY2-S with adjustable range from 0 to 90 degrees. The temperature sensor is YGM406 series pluggable temperature and humidity transmitter. To model the system working in the thermal condition, the following assumptions are made. The temperature of the air supplied by the heating coil is constant, the relationship between fan speed and air volume is linear, and the outdoor air temperature T 0 is constant. According to the thermodynamic equation in [27] , the nonlinear model of the AHU system is established as
where T z denotes the room temperature, T w the wall temperature, T sa the supply air temperature which has an approximate linear relationship with the fan input current i
The remaining parameters with their values are given in Tab.1.
Choosing the steady-state operating point as T z = 30 • C, T w = 27 • C, T o = 25 • C, f sa = 0 m 3 /s to linearize the nonlinear model, we obtain the following system matrices:
A 0 = −0.0000308 −0.0000308 0.00000011 −0.00000022 ,
The performance controller is designed as K 0 = (10 s + 0.00001)/s, then we can choose thatṼ −1 = K 0 = (10 s + 0.00001)/s,Ũ = 1 and d(t) is a random signal with an amplitude of 1.
B. SIMULATION RESULTS
1) MULTIPLICATIVE FAULT
In the multiplicative fault case, the bearing of the fan is worn out at t = 30s and the air flow into the room is reduced to half of that under the nominal condition (the fault is modeled as a multiplicative fault because the model parameters change and the efficiency of the actuator decreases). To estimate the multiplicative actuator fault, the gain matrix of fault diagnosis observer (3) is designed as L = 0.158 0.00000011 T and the learning rate η = 0.1, = 0.00002. According to Theorem 1, we design the following robustification controller and feedforward performance compensation unit Fig.7 shows the fault estimation results. A step fault signal W = 0.5 is activated at t = 30 s. The actuator faults are well estimated. Here we choose 5 • C (temperature increment) as external reference input signal which acts at t = 20 s. The output tracking compared result is presented in Fig.8 . Compared with the GIMC structure proposed in [10] , it is obviously that the tracking performance of our new GIMC structure is greatly improved. 
2) ADDITIVE FAULT
In the additive fault case, the fan winding is short-circuited (the fault is modeled as additive fault due to excessive input current). To estimate the additive actuator fault, the gain matrix of fault diagnosis observer (22) is designed as L = 89.273 −0.000000035 T and the learning rate M = −1.
According to Theorem 2, we design the following robustification controller and feedback performance compensation unit at t = 500 s. The actuator faults are well estimated. Here we choose 5 • C (temperature increment) as external reference input signal which acts at t = 20 s. The output tracking compared result is presented in Fig.10 . Compared with the GIMC structure proposed in [10] , the GIMC structure that only suitable for sensor faults is tend to be unstable and it is obviously that our new GIMC structure can keep good tracking performance.
VI. CONCLUSION
Two ATFC schemes are proposed based on the GIMC structure for multiplicative and additive actuator faults respectively. Considering that the GIMC structure can only stabilize the system and cannot recover the system performance, some compensation units are employed and the robustification controllers are designed with the help of more fault information. The extension of the proposed AFTC schemes to distributed system seems significant and challenging, which will be our main focus in the future work. In addition, a systematic approach to deal with the fault estimation error and disturbances especially the unmatched one in the proposed ATFC structures is interesting and challenging, which is also a promising direction for future research.
